A laser scanning microscope with a thermal spot size of about 4 µm is used to measure a quantity proportional to the rf current density in an operating superconducting co-planar waveguide microwave resonator. The twinning of the LaAlO 3 substrate produces a meandering of the current at the edges due to irregularities in the wet etching of the YBa 2 Cu 3 O 7−δ film associated with substrate twin domain blocks, and a (∼ 20%) enhancement of the rf photoresponse at these locations. These irregularities are candidates for enhanced nonlinear response from the device. The effects of substrate twinning and the resulting edge features on the superconducting film are discussed and analyzed.
onant devices still suffer from significant intermodulation distortion. 1 The source of nonlinearity in many of these devices is the large current buildup experienced at the edges of the patterned films. 1, 2, 3 The nonlinear response is dominated by the edges because (for example) the third-order nonlinear response scales with the sixth power of the current. 4 Although edge-current-free resonator designs have been demonstrated 5 and analyzed for their nonlinear properties, 6 they may be too large in size for use in current applications.
LaAlO 3 (LAO) is a commonly employed substrate for high-temperature superconducting (HTS) thin films used in rf applications. It has a modest dielectric constant of approximately 23.6 at 77 K and microwave frequencies 7 and is lattice-matched and chemically compatible with many cuprate superconducting materials. LAO is cubic at the deposition temperature (∼800 0 C) of HTS films. However it undergoes a cubic to rhombohedral transition as it is cooled below about 544 0 C. 8 The substrates commonly twin and produce a surface corrugation that can be more than 25 nm in height on lateral length scales of 1-10 µm. 9 The HTS films also generally twin at some temperature between the deposition temperature and T c . The effects of these two types of twinning on the rf properties of the HTS films have not been extensively investigated. 10 In particular the changes in edge current distribution caused by twinning, so crucial for determining the nonlinear properties of the device, have not been investigated.
Microscopic techniques have been employed in the past to image rf currents in superconducting microwave devices with some success. 11, 12, 13 Culbertson and Newman imaged rf current distributions in superconducting resonators, but failed to see an expected redistribution of currents upon increased rf power. They also observed qualitatively that there was a correlation between the length scales of rf current variations and the granularity of their HTS film. 11 Other efforts to image rf current and field distributions in superconducting resonators have been done with relatively low spatial resolution.
12,13
Important clues concerning the connection between edge-current buildup and nonlinear response come from investigation of geometry-dependent properties of transmission line de- 15 There is clearly a need to further investigate the microscopic details of the geometry dependence of nonlinear properties of superconducting transmission line devices.
The above experiments and theory demonstrate that the edges of the films are very important for understanding the linear and nonlinear properties of the device. In this paper
we study the effects of substrate twinning on the rf current distribution in wet etched superconducting microwave devices, based on microscopic imaging of the rf currents.
A laser scanning microscope (LSM) is used to image the rf currents in a superconducting CPW resonator. The LSM is schematically shown in Fig. 1 . A laser supplies about 1 mW optical power at 670 nm light wavelength to the sample, and the beam is focused to a spot about 1.5 µm in diameter. The intensity of the laser is modulated at a typical frequency of 100 kHz, producing a thermal spot size of about 4 µm in diameter. 16 The sample is a Ag-doped YBa 2 Cu 3 O 7−δ film with thickness t = 240 ± 28 nm, deposited by pulsed laser deposition. The LAO substrate is 500 µm thick, and the film is wet-etch patterned with dilute phosphoric acid into a CPW resonator with strip width of 500 µm, gap width of 650 µm, strip length of 7.75 mm, capacitively coupled through 500 µm gaps, and mounted in a brass microwave package. The resonant frequency is about 5.2 GHz with a Q ∼ 2500 at a temperature of 78 K.
The LSM develops contrast from the variations of local rf current density squared, J 2 rf .
It is commonly assumed that changes in the kinetic inductance of the device dominate the response of the resonator to the laser beam. With a satisfactory understanding of the image contrast, we can now examine the detailed current profile along the edges of the CPW strip conductor. Fig. 3 shows a magnified view of the edge in a 100 µm x 100 µm area. Fig. 3(a) (Fig. 4) . The twin blocks have about 5 -10 nm step heights. The twinning of the LAO substrate clearly leads to steps and corrugation on the surface.
These features may create nano cracks 10, 19 resulting in Josephson junctions and weak links in the overlying YBCO film. These weak links will enhance the rf photoresponse because of the local increase in the effective penetration depth of the film. 20 Transverse averages of the rf photoresponse show ∼ 10-20% increase in the deeply etched regions, compared to the other parts of the edge (see Fig. 3(d) ), suggesting ∼ 10% increase in λ there. Figure 4 also shows that the patterned edges of the film do not appear to be vertical.
The tapered edge of a superconducting transmission line has been identified as a microscopic source of enhanced nonlinearity. 15 Analysis of Fig. 4 shows that the edge angle is no less than 20 0 , although this value is most likely limited by the bluntness of the AFM tip. Hence 5 one explanation for the wider distribution of rf photoresponse observed in Fig. 3 (c) may be that the more deeply etched edges of the film have a smaller edge angle, resulting in enhanced nonlinearity as well as an increase and broadening of rf photoresponse due to the smaller film thickness.
We have also examined the temperature dependence of the photo-response distribution at one location. We find that it is unchanged up to a temperature about 2 K below T c , where λ(T) 2 /2t is sufficiently large to see the current distribution visibly broaden. This is consistent with the expected behavior of the current distribution. while the "+" and "-" signs label the relative heights of the two regions.
